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Abstract.  
This study compares two sets of measurements of the composition of bulk precipitation and 
throughfall at a site in southern England with a 20-year gap between them. During this time, 
SO2 emissions from the UK fell by 82%, NOx emissions by 35% and NH3 emissions by 7%. 
These reductions were partly reflected in bulk precipitation, with deposition reductions of 
56% in SO4
2-
, 38% in NO3
-
, 32% in NH4
+
, and 73% in H
+
. In throughfall under Scots pine, 
the effects were more dramatic, with an 89% reduction in SO4
2- 
deposition and a 98% 
reduction in H
+
 deposition. The mean pH under these trees increased from 2.85 to 4.30. 
Nitrate and ammonium deposition in throughfall increased slightly, however. In the earlier 
period, the Scots pines were unable to neutralise the high flux of acidity associated with 
sulphur deposition, even though this was not a highly polluted part of the UK, and deciduous 
trees (oak and birch) were only able to neutralise it in summer when the leaves were present. 
In the later period, the sulphur flux had reduced to the point where the acidity could be 
neutralised by all species – the neutralisation mechanism is thus likely to be largely leaching 
of base cations and buffering substances from the foliage. The high fluxes are partly due to 
the fact that these are 60-80 year old trees growing in an open forest structure. The increase in 
NO3
-
 and NH4
+
 in throughfall in spite of decreased deposition seems likely due to a decrease 
in foliar uptake, perhaps due to the increasing nitrogen saturation of the catchment soils. 
These changes may increase the rate of soil microbial activity as nitrogen increases and 
acidity declines, with consequent effects on water quality of the catchment drainage stream. 
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1. Introduction 
It has long been recognised that, in forested areas, both the quantity and quality of 
precipitation is significantly altered by contact with the surfaces of the trees. The study of 
throughfall (precipitation which falls through the tree canopy) has a long history, reviewed 
for instance by Parker (1983) and more recently by Levia and Frost (2006). Though there are 
still gaps in knowledge (Levia and Frost, 2006) a large number of studies have identified the 
main features and importance of throughfall in nutrient cycling. Precipitation falling towards 
the canopy has three fates: it somehow misses any contact with a vegetative surface and falls 
to the ground unchanged (sometimes called “free throughfall”); it is intercepted by the 
canopy and evaporated before reaching the ground (“interception loss”) or it is intercepted 
and subsequently drips off (numerous terms including “release throughfall” (Levia and Frost, 
2006), or “canopy drip” (Parker, 1983); or it runs to the ground down the tree bole 
(“stemflow”). Chemically, the canopy drip is influenced by a number of processes. The 
incident precipitation contributes dissolved substances. Gases and particulates deposit on the 
canopy (dry deposition) and are subsequently washed off . Substances are leached from 
inside the tree via the foliage, and leaves can also take up substances from the gaseous phase 
or water films. Foliar uptake of nitrogen species is particularly significant (Sparks, 2009). 
Epiphytes and micro-organisms growing on canopy surfaces can also play a role in altering 
the composition of throughfall. Much research has gone into quantifying the relative 
importance of these processes under different circumstances, and models encapsulating the 
influence of canopy exchange and dry deposition on throughfall composition have been 
developed and tested (e.g. Staelens et al. 2008). For many elements, notably K, Na, Cl and S, 
but also others in some situations, throughfall is the major pathway by which nutrients reach 
the forest floor, exceeding the flux in litterfall (Parker, 1983). The distribution and 
composition of throughfall has a profound effect on soil chemical and moisture 
characteristics and on the organisms which live in the soil, either directly (e.g. Moffat et al., 
2002) or via a strong interaction with soil properties (e.g. Raat et al. 2002). 
 
Tamm and Cowling (1977) were the first to suggest that acid deposition could disrupt 
nutrient cycling in throughfall. The subject has been studied extensively since, using large 
scale synoptic surveys (e.g. Lindberg and Lovett, 1992), controlled open-air fumigations 
(Skeffington and Sutherland, 1985), and international collaborative programmes of research 
(e.g. ICP Forests, UNECE, 2010) and it is clear that acid deposition can produce profound 
changes in the rates of nitrogen, sulphur and base cation recycling. This paper is a study of 
the effect of a dramatically changing pollution climate on precipitation and throughfall 
composition at the same site in southern England, with a 20-year gap between sets of 
measurements. During that period, there was a large reduction in emissions of SO2 and oxides 
of nitrogen in the UK (82% and 35% respectively – see Table 1) and in Europe as a whole 
(68% and 27% respectively: Fowler et al., 2007). This was driven by legislation such as 
successive international agreements under the UNECE Convention on Long-Range 
Transboundary Air Pollution (UNECE, 2011) and EU legislation mandating reductions from 
large combustion plants (EU, 1988), and at the very end of the period, setting emission limits 
on EU countries (EU, 2001). This legislation was motivated by the need to reduce the effects 
of these acidifying and eutrophying pollutants on ecosystems and human health. Economic 
factors also played a part, particularly the extensive replacement of coal by gas in power 
generation (NAEI, 2011). The third acidifying/eutrophying pollutant, ammonia, was reduced 
by a smaller amount (c. 7% in the UK, 22% in Europe; Table 1 and Fowler et al. 2007). The 
pollution climate experienced by ecosystems was not however linearly related to these 
changes. The decreasing ratio of SO2 to NH3 has increased SO2 deposition velocities over 
most areas of the UK, including the site of this study (Fowler et al., 2005, 2007). Models 
predict that dry deposition of S should have declined in the study area much more than wet 
deposition, and this should result in a large reduction in throughfall deposition. The non-
linearities in oxidised N deposition are not fully understood, but in the study area, in contrast 
to S, deposition of NO3
-
 would be expected to reduce by less than the reduction in emissions 
(Fowler et al., 2005, 2007). 
 
This  paper explores the effects these changes had on precipitation and throughfall 
composition, and their implications for catchment soils and waters. The aims of the study 
included a comparison of throughfall under three tree species (Scots pine, silver birch and 
English oak), including the provision of an explanation of the very high acidity in Scots pine 
throughfall, and an evaluation of the cycling of a number of different elements in Scots pine 
throughfall.               
2. Methods 
This paper compares data collected during two study periods: 1979-82 and 1999-2003 (Hill et 
al., 2002). Although some attempt was made to make the methods comparable, the two 
studies had somewhat different objectives, and technological advances increased the 
possibilities in the later period. 
  
2.1.  SITE DESCRIPTION 
The site was fully described by Hill et al. (2002): an abbreviated description follows. The 
Tillingbourne catchment is located 7 km south west of Dorking in SE England, Latitude 51° 
11ʹ N., Longitude 0° 22ʹ W. (Fig.1). It consists of a valley sloping northwards at an angle 
of about 3º, cut into the dip slope of Leith Hill (297m), the highest point of SE England. 
There are no motor roads or habitations in the catchment, but the area is heavily used for 
informal recreation by walkers and horse-riders. The catchment is composed of sedimentary 
rocks of Cretaceous age, the Lower Greensand Group. The Atherfield Clay which outcrops in 
the bottom of the valley consists of shales and mudstones which weather to a silty clay with a 
very low permeability to water. The soils that develop on this formation are classified as 
argillic humic gleysoils (humic gleysols in the WRB System (FAO, 2011)). Overlying the 
Atherfield Clay is the Hythe Formation, which consists of coarse, porous, non-calcareous 
sandstones which weather to very acidic humo-ferric podzols (orthic podzols in the WRB 
System; FAO, 2011). Throughfall was collected under trees close to the boundary of these 
two formations. 
Fig. 1 near here 
The vegetation of the area is mixed coniferous-deciduous forest. Trees cover about 89% of 
the catchment, the main species being Scots pine (Pinus sylvestris L.); oak (Quercus robur 
L.) and birch (Betula pendula Roth). There are occasional trees of other species. On the basis 
of annual ring counts, most trees date from about 1920, indicating that any large trees 
formerly present were felled during the 1914-18 war, a common fate for British trees. The 
area was then left to recover spontaneously, so the trees are self-sown, giving an open canopy 
structure. In the area of throughfall collection, ground vegetation is overwhelmingly 
dominated by bracken (Pteridium aquilinum (L) Kuhn), which suppresses other ground 
cover. There were few changes in vegetation between the two study periods: the trees of 
course grew larger but growth rates for mature trees on this poor soil are quite slow. 
 
2.2. RAINFALL AND THROUGHFALL COLLECTION 
Bulk precipitation in both periods was collected at two sites within the catchment, at Sites F 
and G in Figure 1. These were 325 m apart, and Site F is 22 m higher in altitude than Site G. 
In both years the collector was mounted 1.5 m above the ground surface. In 1978-82 it was a 
borosilicate glass funnel 198 mm in diameter with underground polyethylene storage bottle. 
In 1999-2003 it was a “Warren Spring” bulk precipitation collector as used in the UK Acid 
Deposition Monitoring Network (see Hill et al. 2000). This consisted of a polyethylene 
funnel 152.4 mm in diameter with bird guard and above-ground storage. In both cases water 
was collected weekly.  
 
Throughfall collection differed significantly between the two periods. From 8 February 1979 
to 8 February 1982, 18 throughfall collectors were installed in a 2 ha area near the upper flow 
gauge (around H2 in Figure 1). These collectors were arranged in a stratified random design 
using co-ordinates derived in advance from random number tables, and thus provide an 
estimate of overall throughfall composition in this part of the catchment. Six collectors were 
below oaks; six below birches; three below pines; two below bracken; and one below a sweet 
chestnut. The collectors consisted of polyethylene funnels 127 mm in diameter situated 200 
mm above the ground surface, with an underground polythene bottle underneath. In 1999-
2003, throughfall was initially collected only under Scots pines, two in the lower part of the 
catchment (H1 in Figure 1) and two in the 1979-82 sampling area (H2), again starting on 8 
February. Samples were bulked before analysis. For comparison with the older data, a 
collection under the same Scots pine trees as originally used in 1979-82 was conducted from 
February 2002 to February 2003, with collectors in the same positions as determined from 
original photographs and measurements. The collected volumes were bulked for analysis.  
The throughfall collectors for 1999-2003 were polyethylene funnels 152.4 mm in diameter 
and were supported by external unplasticised polyvinyl chloride piping 400 mm above the 
ground surface, leading into an underground storage bottle. Samples were collected weekly. 
 
2.3. GAS CONCENTRATIONS 
Concentrations of ammonia and nitrogen dioxide were measured using diffusion tubes. These 
are short plastic tubes which are exposed to ambient air for fixed periods. An absorbent 
material is placed at the end of a tube and molecular diffusion allows the gas to pass towards 
the material. The rate of absorption is proportional to the ambient concentrations, giving a 
mean concentration over the exposure period. The measurement protocol followed that for 
the UK Nitrogen Diffusion Tube Network (Bush et al., 2000). A set of four diffusion tubes 
was used at each rainfall collection site, two for NO2 and two for NH3. The tubes were 
located on the precipitation collectors at a height of 1.5m. The NO2 tubes were exposed for 2 
weeks and the NH3 tubes for 4 weeks. Measurements were made for 2 years from March 
2001. “Travel blank” samples were also analysed to check for contamination - these were 
subject to the same handling procedures as the experimental tubes but were not exposed to 
the atmosphere. After return to the laboratory, the tubes were sent for analysis to Gradko 
International Ltd, which also supplied the tubes. 
  
2.4. CHEMICAL ANALYSIS 
In 1979-82 fewer determinands were measured than in 1999-2003, and updated methodology 
was used in the later period. In 1979-1982, analyses were performed at the Central Electricity 
Research Laboratories, from 1999 to 2000 at CEH Wallingford except for pH, alkalinity and 
conductivity, which were measured at the University of Reading, where all analysis was 
performed after January 2001.  
 
On the day of collection, pH was measured in the laboratory using a Radiometer pH meter 
and combination electrode, and conductivity by a standard conductivity meter at 25ºC. From 
1999, alkalinity was also measured on collection day by modified Gran titration (Neal, 2000). 
The remaining samples were stored in the dark at 4°C, and analysis normally completed 
within a week. On arrival at the laboratory, the sample destined for cation analysis was 
acidified using Aristar® nitric acid to 1% v/v, to reduce adsorption and precipitation. Metal 
cations were determined on an inductively coupled plasma - optical emission spectrograph 
(ICP-OES). The instrument was run using a low range, high sensitivity method, (ultrasonic 
nebuliser) and repeated using a lower sensitivity, higher range (cross-flow) method for higher 
concentration elements. Elements routinely analysed were Al, Ba, Ca, Cu, Fe, K, Mg, Na, S, 
Sr, and Zn. Ammonium was determined by continuous segmented flow analysis with sodium 
salicylate / sodium nitroprusside reagent, with a sensitivity of 0.01 mg N L
-1
. Anions were 
analysed with a “Dionex” ion chromatograph set up to detect  F-, Cl-, Br- NO3
- 
and SO4
2-
. 
Dissolved organic carbon (DOC) was determined directly by combustion in commercial 
DOC analysers – a Tocsin II aqueous carbon analyser at Institute of Hydrology and a 
Shamadzu 5000 carbon analyser at University of Reading.  
 
In 1979-82 a reduced set of determinands were measured: pH, conductivity and NH4
+
 as 
above and Cl
-
, NO3
- 
and SO4
2-
 by automated colorimetric methods. Chloride was measured by 
an automated method involving the release of thiocyanate ions from mercuric thiocyanate, 
and reaction with ferric nitrate to form ferric thiocyanate, which was measured at 540 nm. 
Sulphate was analysed by an automated method (Dimmock, Garbett and Webber, 1981) in 
which SO4
2-
 reacted with barium ions in 70% propan-2-ol to form insoluble barium sulphate. 
The residual barium was then quantitatively complexed by the ligand nitrosulphonazo-III, 
and the reduction in absorbance was measured at 640nm. This method was shown to be 
comparable to ion chromatography when it was initially developed, using Tillingbourne rain 
and throughfall samples.  Nitrate was measured by reduction to nitrite with copper-
hydrazinium sulphate followed by reaction with sulphanilimide and N-1-
napthylethylenediamine dihydrochloride to give a coloured complex measured at 520 nm. 
This method measures nitrate + nitrite, but independent measurements of nitrite were always 
negligible. Dissolved organic matter was measured in 1979-82 using a double beam uv 
spectrometer (“Water Research Centre Organic Pollution Monitor”). This measures the 
aromatic component of organic matter, and was calibrated against organic matter extracted 
from the catchment stream by an anion exchange resin, desorbed by pH2.0 HCl, and purified. 
This fraction is known in the water quality literature as “fulvic acid” (Stevenson, 1994). The 
method is not sensitive to all forms of organic carbon, and is thus not directly comparable 
with the combustion method used for DOC in 1999-2003. 
2.5. STATISTICAL ANALYSIS 
Statistical analysis was performed using the Minitab 16 statistical package 
(www.minitab.com). T-tests were used with appropriate checks for normality and equality of 
variances. Product-moment (Pearson) correlation coefficients were calculated for some 
variables as described in the Results section. Standard significance tests were used for both t-
tests and correlation coefficients.   
 
3. Results and Discussion 
3.1. CHANGES IN BULK PRECIPITATION AND THROUGHFALL 
In this paper, concentrations are given in micro-equivalents per litre (µeq L
-1
) which is 
preferred to the more cumbersome but slightly more correct micro- mol of charge per cubic 
decimetre (µmolc dm
-3
). Similarly deposition fluxes are in eq ha
-1
 yr
-1
 – divide by 10 to obtain 
meq m
-2 
yr
-1
. 
3.1.1. Observed changes  
Figures 2 and 3 near here 
 
Figure 2 shows that bulk precipitation deposition changed considerably between the two 
periods of 1979-1982 and 1999-2003: there was a 56% reduction in sulphate deposition, a 
38% reduction in nitrate, a 32% reduction in ammonium and a 73% reduction in H
+
. These 
are similar to those observed in national monitoring networks during the same time period. 
For throughfall the changes were even greater. Figure 3 shows several bases for comparison 
with the 1979-82 data. Compared to the four years from 1999, the reduction under Scots pine 
trees was 97% in H
+
 and 79% in sulphate; nitrate however increased by 178% and 
ammonium by 152%. These data were obtained under different trees from those in 1979-82: 
under the same trees for 2002 only, H
+
 declined by 94% and sulphate by 75%, nitrate 
increased by 96% and ammonium decreased by 25%. For comparison, the corresponding 
figures for 2002 for the “new” Scots pines were decreases in H+ and sulphate deposition of 
96% and 77% and increases in nitrate and ammonium deposition of 167% and 53% 
respectively. The reactions of the old and new set of trees are thus consistent except for 
ammonium: throughfall under the old trees has higher concentrations of sulphate and nitrate 
and thus H
+
. It was not possible to calculate changes in “non-marine” sulphate for all years, 
but based on chloride, the decline in non-marine sulphate for the old Scots pines, 1982 versus 
2002, was 78%, only slightly higher than the decline in total sulphate.  
Figures 4 and 5 near here. 
Bulk precipitation and throughfall concentrations are also very relevant to macronutrient 
cycling. The volume-weighted mean concentrations are shown in Figures 4 and 5. Yearly 
values are shown to give an impression of annual variability.  Mean rainfall volumes in the 
two periods were very similar (1098 and 1123 mm respectively), but variability was greater 
in the second period with alternating wet and dry years. Ammonium and nitrate 
concentrations in rain have an inverse pattern to rainfall (higher in dry years) indicating 
washout of a limited supply of atmospheric combined N, whereas this pattern does not occur 
with sulphate and pH. Sulphate very clearly declined between the two periods and pH 
increased. Ammonium and nitrate decreased, but less obviously. If the annual mean values 
are taken as independent estimates of concentrations in their respective periods, then a t-test 
indicates the difference is highly significant for pH and sulphate (p<0.001), significant for 
nitrate (p<0.01) and ammonium (p=0.03) and not significant for precipitation volume 
(p=0.44). The corresponding differences for deposition are all highly significant (p<0.001 
except ammonium (p<0.01). 
 
Throughfall concentrations (Figure 5) show a huge (89%) decrease in sulphate and increase 
in pH (98% decrease in H
+
), both highly significant (p<0.001). In contrast to rainfall there is 
a significant increase in volume (p=0.03) reflecting the different trees used, and the 
differences between periods in nitrate and ammonium concentrations are not significant 
(p=0.13 and 0.24 respectively). Ammonium concentrations are variable and apparently 
decreasing. The differences between annual deposition in 1979-82 and 1999-2003 are 
however significant (p<0.001 except ammonium p=0.04).  
3.1.2. Causes of Change 
Table 1 near here 
 
The principal cause of the changes in S and N in bulk deposition is the reduction in emissions 
of the precursor gases (Table 1). These reductions are consequent on reductions of emissions 
of SO2, NOx and NH3 mandated by legislation as described in the Introduction. Between 1979 
and 2003, UK SO2 emissions declined by 82%, NOx emissions by 35%, and NH3 emissions 
by about 7%. In addition, emissions fell year-on-year during the study periods (Table 1). 
Sulphate deposition in precipitation thus did not decline by as much as UK sulphur 
emissions. This is consistent with observations in the same region of the UK by the national 
precipitation monitoring networks (Fowler et al., 2005), though they extend these 
observations backwards in time since a national network was not established until 1986. The 
non-linearity is thought to be due to changes in the relative amounts of NH3 and SO2 in the 
atmosphere (Fowler et al., 2001), and consequent changes in deposition rates (since ammonia 
and SO2 co-deposit (e.g. McLeod et al., 1990) and in sulphur oxidation rates. The decline in 
throughfall deposition of sulphate was comparable to the decline in UK SO2 emissions. In the 
UK as a whole, dry deposition of SO2 has declined by more than the rate of reduction of 
emissions (Fowler et al., 2005), but this trend would not necessarily be seen at a single site 
which is affected by the spatial distribution of emissions over the UK and also by long-range 
transport from other countries.  
 
The picture is different for the nitrogen species. Nitrate in bulk precipitation declined to a 
similar extent to the reduction in UK NOx emissions. This contrasts with the national picture 
where the decline in deposition has generally been less than the decline in emissions (Fowler 
et al., 2005). Ammonium in precipitation has declined by more than the trend in national 
emissions would indicate (Figure 2), though ammonium is most likely to be affected by 
changes in local sources. In throughfall, however, nitrate  and (less certainly) ammonium 
deposition have apparently increased (Figure 3). As it seems unlikely that dry deposition of 
the precursor gases would increase given that their concentrations have reduced, this increase 
is probably due to changes in foliar leaching and uptake of nitrate and ammonium. The 
mechanism of this is discussed further below. 
Table 2 near here 
Table 2 shows how weekly concentrations of the measured ions correlate with each other in 
precipitation and throughfall over the two study periods. In rain, the relationships between 
acidity (H
+
 concentration) and nitrate and sulphate have weakened over time. The strong 
correlations between ammonium and nitrate and ammonium and sulphate have, however, 
remained broadly the same, probably reflecting formation and washout of ammonium 
sulphate and ammonium nitrate aerosols as important processes in both periods. In 
throughfall, the relationship between acidity and sulphate has weakened, and that between 
acidity and nitrate has disappeared. In contrast, the relationships between ammonium and 
nitrate and ammonium and sulphate have strengthened considerably. These patterns are 
consistent with measured and hypothesized changes in atmospheric chemistry over this time 
period (e.g. Fowler et al., 2001, 2005; Fagerli and Aas, 2008). These are a reduction in SO2 
concentration, which will reduce concomitant H
+
 concentrations in throughfall;  an increase 
in the deposition velocity of SO2 due to a reduction in the SO2/NHx ratio, leading to a 
stronger relationship between ammonium and sulphate in throughfall; and an increase in 
ammonium nitrate formation at the expense of NOx and nitric acid (Fagerli and Aas, 2008), 
which will strengthen the relationship between ammonium and nitrate.  
 
In 1979-1982, deposition of both nitrate and ammonium was lower in throughfall than rain 
(Figures 2 and 3): nitrate 402 eq ha
-1
 yr
-1
 (5.6 kg N ha
-1 
yr
-1
) in rain; 242 eq ha
-1
 yr
-1
 (3.4 kgN 
ha
-1 
yr
-1
) in throughfall; ammonium 416 eq ha
-1
 yr
-1
 (5.8 kg N ha
-1 
yr
-1
) in rain; 298 eq ha
-1
 yr
-
1
 (4.2 kg N ha
-1 
yr
-1
) in throughfall. In 2002, under the same trees, deposition of nitrate was 
higher in throughfall than in rain, and ammonium about the same (Figures 2 and 3): nitrate 
255 eq ha
-1
 yr
-1
 (3.6 kg N ha
-1 
yr
-1
) in rain; 476 eq ha
-1
 yr
-1
 (6.7 kg N ha
-1 
yr
-1
) in throughfall; 
ammonium eq ha
-1
 yr
-1
 (3.4 kg N ha
-1 
yr
-1
) in rain; 223 eq ha
-1
 yr
-1
 (3.1 kg N ha
-1 
yr
-1
) in 
throughfall. Under different trees in 1999-2003, throughfall deposition was consistently 
greater than rainfall for both nitrate and ammonium (Figures 2 and 3). It has been known for 
a long time (e.g. Parker, 1983) that the nitrogen component of throughfall is the net result of a 
number of processes: wet deposition, dry deposition of N-containing gases and particulates, 
foliar uptake and leaching of nitrate and ammonium, and uptake, leaching and 
transformations due to epiphytes growing on tree surfaces. Any evaluation of the origin of the 
change in N cycling must therefore be somewhat speculative. The correlation patterns 
discussed in the previous paragraph suggest that dry deposition is likely to be the source of 
the additional nitrogen. The principal sources of dry deposition are ammonia, nitrogen oxides 
NOy (NO, NO2, HONO and nitric acid vapour, of which the latter is likely to be the largest 
component),  and ammonium sulphate and ammonium nitrate aerosols. Of these, only NO2 
and NH3 were measured directly in the catchment using diffusion tubes, and only in 2001-3.         
In this period NH3 concentrations were (mean ± S.D. of 4-weekly values) 1.1±0.9 µg m
-3
 and 
NO2 concentrations 9.7±5.0 µg m
-3
. Though the NH3 concentration was low, this nevertheless 
would equate to a deposition of 8.6 kg N ha
-1
 yr
-1
 at a dry deposition velocity of 0.03 mm s
-1
 
(Cape et al., 2008). NO2 deposition equates to 1.9 kg N ha
-1
 yr
-1
 at a dry deposition velocity 
of 0.002 mm s
-1
. For the other components, indications are available from modelling. In 
2002, using the UK Lagrangian trajectory model FRAME, oxidised N wet deposition to this 
area was estimated as about 3 kg N ha
-1
 yr
-1
 and dry deposition as just over 5 kg N ha
-1
 yr
-1
. 
For reduced N, the corresponding figures were 4.5 and 4.5 kg N ha
-1
 yr
-1
 respectively. 
Retrospective modelling of the situation in 1970 using FRAME (Matejko et al., 2009) 
showed oxidised N wet deposition of about 5 kg N ha
-1
 yr
-1
 and dry deposition as 
considerably  greater than 5 kg N ha
-1
 yr
-1
. For reduced N, the corresponding figures were 
about 4 and 5 kg N ha
-1
 yr
-1
 respectively. FRAME works on a 5 x 5 km grid, so both 
emissions and deposition are averaged over this area. Dry deposition estimated at a point 
from concentration measurements is thus not necessarily going to be the same as a grid 
average, even if the model were perfectly accurate. For instance, there may be an emission 
source relatively close which increases the actual point deposition. Ammonium dry 
deposition in 2002 was estimated as being higher than FRAME predicted  (8.6 versus 4.5 kg 
N ha
-1
 yr
-1
). Deposition of NO2 was estimated to be lower than oxidised N predicted by 
FRAME (1.9 versus 3 kg N ha
-1
 yr
-1
), but the latter includes a contribution from nitric acid 
deposition which was not measured directly.  However, the point remains valid that dry 
deposition is likely to have gone down between the sampling periods, especially for oxidised 
N which has a longer transport distance, even though measurements show values somewhat 
removed from model predictions. It interesting to note that modelled dry deposition of N in 
1999 – 2002 still exceeded the measured throughfall deposition.  
 
It therefore seems likely that changes in foliar uptake explain the increase in N deposition in 
throughfall between the two deposition periods. Foliar uptake of both oxidised and reduced N 
species is known to be an important process (Sparks, 2009). Foliar N uptake may have 
declined because soil nitrogen is becoming more available in the catchment. A decreasing  
C/N ratio of the forest floor is a marker for increased soil N availability and nitrate leaching 
(Gundersen et al., 1998). Whitehead  et al. (2002) showed that the C/N ratio of humus in the 
same area of the catchment as the throughfall collectors decreased from 39 to 26 mol mol
-1
 
between the two study periods, and mean nitrate concentrations in the output stream more 
than doubled (Hill et al., 2002). Another reason is that as the trees were 80 rather than 60 
years old in the second period, their nitrogen requirements would be smaller (e.g. Miller, 
1995). This combination of smaller requirement and greater soil availability may have led to 
reduced foliar uptake and increased throughfall deposition. 
  
3.2.  CAUSES OF HIGH ACIDITY IN SCOTS PINE THROUGHFALL 
Figure 6 near here 
In 1979-1982, throughfall under the Scots pines was extremely acidic, with a mean pH 
consistently below 3.0, averaging 2.84 over the three years of study (Figure 5). Under 
deciduous trees the acidity was less extreme, the 3-year mean pH being 3.70 for birches, 3.84 
for oaks, and 4.27 for bracken. For a 6-week period from 17 February 1983, before the 
deciduous trees had produced leaves, all the major ions in throughfall and rain were analysed, 
allowing the source of the acidity to be investigated. The results are shown in Figure 6, which 
also shows the same ions under the same Scots pine trees in 1999-2003, scaled to the same 
units. Anions and cations are shown in separate bars. Capture of NaCl from seasalt aerosols 
provided a large but neutral contribution to the ion balance. The main difference between the 
Scots pines and the deciduous trees was that the former were much better at capturing SO2 
from the atmosphere. Some of the resulting sulphuric acid was neutralised by leaching of 
base cations, with possibly a contribution from the capture of atmospheric aerosols, but the 
trees were not able to supply base cations at a sufficiently high rate, leaving the ion balance to 
be made up by H
+
, and hence producing a low pH. The deciduous trees in the leafless season 
were not markedly better than Scots pine at supplying base cations, but the lower sulphur flux 
generated less acidity to neutralise, hence the pH was still acidic but not so extreme. In 1999-
2003, the Scots pines could supply enough base cations effectively to neutralise the much 
reduced flux of acidity associated with sulphate and nitrate. 
 
This raises the question of why the deposition of SO2 in 1979-2003 was so high in the first 
place.  This area would not be thought of as a particularly polluted part of the UK either in 
the late 1970s or the early 2000s, so the high deposition rates require explanation. 
Retrospective modelling using FRAME by Matejko (2009), displayed as a map, shows that 
the Tillingbourne area in 1970 was on the very southern edge of the area of highest S 
deposition in the UK, with both wet and dry deposition rates of 20 kg S ha
-1
 yr
-1
 (1250 eq ha
-1
 
yr
-1
). This should thus have given total deposition of about 2500 eq ha
-1
 yr
-1
 on the grid 
square average vegetation (mostly forest) as opposed to the 5900 eq ha
-1
 yr
-1
 observed in 
throughfall (Fig. 3).  The additional deposition might thus be related to the fact that these 
trees were unusually effective at collecting dry deposition, or be a sampling artefact (funnels 
located under drip points, for instance, though the low volumes (Fig. 3) suggest that is not the 
case).  Alcock and Morton (1981) reported no enhancement of sulphate deposition in 
throughfall compared to bulk precipitation under 30-year old Scots pines in a 2-year study 
near Ascot, only about 30 km distant from the present site, in the years 1975-77. However, 
this was a dense plantation of young trees with a density of about 1 tree per 4 m
2
. The 
Tillingbourne trees were larger; for the two “old” Scots pines the distance to the nearest 
neighbour was about 10 m and 12 m respectively as opposed to 2 m for Alcock and Morton’s 
trees; and the Tillingbourne trees had many dead branches which are effective at collecting 
dry deposition but less effective than leaves at supplying neutralising base cations. The high 
rates of deposition under the Tillingbourne Scots pines are thus probably an example of the 
crucial role of canopy structure in determining throughfall inputs (e.g. Levia and Frost, 
2006), reminiscent of the high rates of throughfall deposition observed at forest edges due to 
increased turbulence (e.g. Beier and Gundersen, 1989).      
3.3. COMPARISONS BETWEEN TREE SPECIES, 1979-1982 
Figure 7 near here 
 
In 1979-82, throughfall was collected under bracken, birch and oak as well as Scots pine. 
Figure 7 shows deposition under all species as the mean of the three years of collection. In 
most respects, birch and oak react in a fashion intermediate between rain and pine 
throughfall. Interception loss (25%) was not as great as with pine (64%). Sulphate deposition 
was enhanced in throughfall, but not as much as in pine. Free H
+
 deposition was only 
somewhat enhanced, showing that the deciduous trees were better able to neutralize the 
incoming acids than the pines. There are two explanations for this: the acid flux was smaller; 
and the deciduous trees were better able to supply neutralizing substances such as base 
cations and organic acids. Figure 7 shows that the fulvic acid content of oak and birch 
throughfall was slightly but not significantly higher than that of pine. The deciduous trees 
absorbed nitrate to about the same extent as the pines, but they were less efficient at 
absorbing ammonium. De Schrijver et al. (1997), in a survey of 38 different studies, noted 
that “in regions with relatively low open field deposition of atmospheric N (<10 kg N ha-1 yr-
1
), lower NH4+ mean throughfall (+stemflow) deposition was, however, reported under 
conifers compared to deciduous forest, while in regions with high atmospheric N pollution 
(>10 kg N ha
-1
 yr
-1
) the opposite could be concluded”.  The Tillingbourne open field 
deposition was just above this boundary (11 kg N ha
-1
 yr
-1
), but the tree behaviour was 
characteristic of the lower pollution regions. 
 
Also shown on Figure 7 is bracken, which differs from the trees in dying down below the 
level of the throughfall collector every winter. There was 12% interception loss, and no 
enhancement of sulphate deposition, probably due to the position of the plant under the 
general tree canopy (even though there were no trees immediately above the collectors). 
Bracken throughfall was slightly less acid than rainfall and, surprisingly, did not have a high 
organic (fulvic acid) content. There was evidence of uptake of nitrate but not of ammonium. 
Carlisle et al. (1967) also found N uptake by bracken in an oak (Quercus petraea) wood in 
northern England, and a comparable amount of interception loss. Williams et al. (1987) found 
a somewhat higher interception loss (20%) in a non-forested bracken stand at an upland site, 
but a similar increase in pH. Bracken and similar understorey vegetation cannot be ignored in 
nutrient cycling studies.   
Table 3 near here 
Table 3 shows differences in the seasonal pattern of throughfall gains and losses (throughfall 
– bulk precipitation) between winter (November to February) and summer (June to August). 
Interception loss was greater in summer for all species, as would be expected. The deciduous 
trees were able to neutralize the incoming acidity when in leaf in summer, but not in winter, 
whereas the pines were unable to neutralize the (greater) flux of acidity in either season. 
Neutralization thus depends on leaching of bases or buffering substances from the leaves, 
rather than reactions of the epiphytes or microbial flora. Fulvic acid leaching increased in 
summer from the deciduous trees. The gain in sulphate in throughfall is greater in winter than 
summer for the deciduous trees, probably because of the higher SO2 concentrations in winter, 
although, surprisingly, this effect was not seen in the pines. All species of tree absorbed 
nitrate in both winter and summer, showing that some was absorbed by structures other than 
foliage. This could be epiphytes and/or twigs and branches –e.g. Wilson and Tiley (1998) 
showed that branches of young Norway spruce were more effective than needles at absorbing 
labeled nitrate. There was no significant difference between summer and winter apparent 
absorption rates, though there appeared to be a trend (significant for the pines) of greater 
absorption in summer. For ammonium there were no clear trends or significant differences.   
3.4. IMPLICATIONS 
As throughfall is an important component of nutrient cycling, these changes are likely to alter 
the reactions of the catchment as a whole. There is ample evidence that the composition of 
throughfall and its spatial pattern has a profound effect on the soil and soil solution (e.g. 
Boxman et al., 2008; De Schrijver et al., 2007; De Vries et al., 2003; Moffat et al., 2002). 
The effects extend even into shallow groundwater – e.g. Böttcher et al.(1997) showed that 
groundwater kept a memory of S deposition four years earlier. In the Tillingbourne 
catchment, Skeffington (1983) showed that isolated trees created a saucer-shaped depression 
of pH around the trunk, though base cations were not depressed. In this context, an increase 
in throughfall pH from a mean of 2.85 in 1979-82 to 4.30 in 1999-2003 would be expected to 
have a large effect on the soil micro-organisms and their metabolism. Vanguelova et al. 
(2009) reviewed 12 years of data from 10 sites in the UK, and showed among other things 
that soil DOC had increased, probably a consequence of increased microbial metabolism. A 
widespread increase in DOC in freshwaters in Europe and North America has been attributed 
to increased microbial metabolism consequent on S deposition reduction (Evans et al., 2006), 
though as Roulet and Moore (2006) pointed out, the complexity of the routes of passage of 
DOC through the landscape implies that other explanations, such as those involving climate 
change, cannot be ruled out at present. Climate change will clearly interact with nutrition 
changes, but the potential effects of climate change on throughfall nutrient cycling are only 
just starting to be explored. 
 
The increased N flux in throughfall may also be expected to have consequences for nutrient 
cycling, increasing the N status of the forest floor, for instance. The change is smaller than 
that for S, and this fits the general pattern observed in the UK. For instance, Vanguelova et 
al. (2009) in a study of 10 sites across the UK from 1995 to 2006, observed throughfall 
sulphate reductions in all of them, but variable and insignificant changes of nitrate, plus 
ammonium reductions at a few sites.  Changes in soil solution N were also variable. This 
contrasts with the situation in The Netherlands (e.g. Boxman et al., 2008) – here strenuous 
efforts have been made to reduce ammonium deposition, leading to a decline in N 
concentrations in the soil solution. At the Tillingbourne, the catchment is still absorbing most 
of the incoming N (Hill et al., 2002), but the slightly increased N concentrations in 
throughfall may have made a contribution to the observed increase in N concentrations in the 
output stream  (Hill et al., 2002). 
          
3.5. NUTRIENT CYCLING IN THROUGHFALL 1999-2003 
Table 4 near here 
 
Table 4 shows measured fluxes for all the measured ions in bulk precipitation, throughfall, 
and the difference between the two for the Scots pine trees in 1999-2003. Positive differences 
indicate a gain in throughfall, and most values are positive except for free H
+
, which is 
negative except for 2002-3, indicating lower acidity under the canopy than in the open. This 
is borne out by two other measures of acidity: the measured alkalinity and the calculated acid 
neutralising capacity (ANC: Reuss and Johnson, 1996) which are both notably less negative 
under the tree canopy except in 2002-3. Positive differences between throughfall and 
precipitation reflect the major sources of deposition and canopy leaching as noted in 
numerous other studies of throughfall, reviewed for instance by Parker (1983) and Levia and 
Frost (2006). Seasalt-derived fluxes of sodium and chloride dominate the ion balance, and 
seasalt deposition also accounts for 92% of the magnesium in throughfall and 24% of the 
sulphate. The remaining non-marine sulphate is due to pollutant deposition (as SO2 and 
ammonium sulphate aerosol – see Table 2) – this was still a noteworthy component even with 
the large reduction in precursor gas emissions.  
 
Only 6% of  the potassium and 17% of the calcium are derived from seasalt, the rest 
presumably being leached from the canopy in the case of potassium and a mixture of leaching 
and dust deposition for calcium. The gain of ammonium and nitrate in throughfall from dry 
deposition ought to be larger than it is (see above) so there is likely to be some foliar and 
epiphyte uptake reducing concentrations. Manganese is probably mostly leached, while 
aluminium and iron are likely to be soil-derived deposition (e.g. Herrman et al., 2006;  
Parker, 1983). Enhancements of the trace elements strontium, barium, copper and zinc are 
small but positive. Finally, dissolved organic carbon is considerably enhanced in throughfall, 
reflecting such processes as decomposition of plant, epiphyte and microbial material, release 
of sugars by insects, and direct leaching from the plant (e.g. Parker, 1983; Stadler et al., 
2001).     
4. Conclusions 
The results presented in this paper are explicable in terms of known processes, though it 
should not be forgotten that they are derived from relatively few throughfall collectors and 
apply to trees in a specific situation, that is relatively large trees in open canopy. They are not 
necessarily representative of the catchment as a whole. The number of throughfall collectors 
needed to estimate element fluxes on a catchment scale with reasonable precision can be very 
large (e.g. Kimmins, 1973), especially when, as here, there are a number of species and the 
canopy is open and varied. Resource constraints mean such studies are rarely possible. 
Bulking the samples from a number of collectors before analysis, as in 1999-2003, reduces 
the analytical load and improves representativeness, but precludes any statistical estimates of 
precision or accuracy. These results are thus best looked on as a study of the responses of 
individual trees to a change in pollution climate, rather than that of a catchment area. 
The large reduction in SO2 emissions in the 20 years between sets of measurements has 
caused a profound change in nutrient cycling. In 1979-82, the Scots pine trees were unable to 
supply enough neutralising capacity in the form of base cations or organic buffers to 
neutralise the incoming flux of sulphuric acid, and consequently the pH was extremely low. 
This also applied to the deciduous trees in the leafless season, but in summer they were just 
able to neutralise the flux of sulphate-associated acidity, which was lower than that of the 
pines possibly because of their smaller surface area. In 1999-2003, the pines were largely 
able to neutralise the much lower flux of sulphate-associated acidity, and the pH, though still 
acid, returned to more normal levels.  
Wet N deposition declined between the two study periods and models indicate that dry 
deposition did also. However, the throughfall flux of nitrate and (probably) ammonium 
increased. The most likely explanation for this is that foliar uptake of combined nitrogen 
decreased, possibly mediated by the increasing nitrogen saturation of the catchment as noted 
by Whitehead et al. (2002). The throughfall flux of N was still less than modelled wet plus 
dry deposition, even in 1999-2003. 
 
It would be interesting to know if these trends have continued given the further reductions in 
S and N emissions (NAEI, 2011) since this study was completed. In the early 1980s, 
individual trees had a clear effect on soil chemistry (Skeffington, 1983) in which soils under 
pines had a lower pH but increased base cations compared to deciduous trees – the observed 
changes in throughfall reported in this paper might be expected to reduce these differences, 
with consequent effects on soil microbial populations and nutrient metabolism in soils, which 
might in turn have consequences for element export to the drainage stream. The interaction of 
all these processes with climate change could provide another fruitful area of study if, as 
predicted, temperatures start to rise and precipitation declines in this area (UKCP09, 2011). 
The work described in this paper, and in Hill et al. (2002), provides a baseline against which 
these changes could be judged. 
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Legends to Figures 
Fig. 1. A) Situation of the Tillingbourne Catchment, located near the triangle marked “Leith 
Hill”; B) Detailed map of the catchment. The letters represent sampling sites (see Hill et al., 
2002). Rain was collected at Sites F and G, and throughfall in the areas marked H1 and H2.  
 
Fig. 2. Mean annual bulk precipitation deposition for the 3 years beginning 8 February 1979 
compared with  the 4 years beginning 8 February 1999. Values are the mean of duplicate 
collectors and are given in equivalents (molc) ha
-1
 yr
-1
. The error bars represent one standard 
deviation of the variation between sampling years, i.e. 1979-82 or 1999-2003. 
 
Fig.3.  Mean annual deposition in Scots pine throughfall for (a) 1979-82 (mean of 2 
collectors); (b) 1999-2003 (bulked samples from 4 collectors under different trees to (a)); 
(c) as for (b) but just for 2002; (d: 2002 old) same trees as for (a) but in 2002. All years began 
on 8 February. The error bars for (a) and (b) represent one standard deviation of the variation 
between sampling years, i.e. 1979-82 or 1999-2003 respectively. 
 
Fig 4.  Annual mean volume-weighted bulk precipitation concentrations for individual years 
beginning 8 February 1979 and 8 February 1999. Values are the mean of duplicate collectors. 
 
Fig. 5. Annual mean volume-weighted throughfall concentrations under Scots pine for 
individual years. The trees in 1979-82 (mean of 2 collectors) were different from those in 
1999-2003 (bulked samples from 4 collectors) but the same as those labelled Old SP 2002. 
All years began on 8 February. 
 
Fig. 6. Complete ion balance under three species of tree for a 6-week period from 17 
February 1983, compared with bulk precipitation in the same period and the “new” Scots 
pines in 1999-2003. Cations (+) and anions(-) are shown in separate columns.  
 
Fig. 7.  Mean volume-weighted concentrations under the different species of tree plus bulk 
precipitation (“rain”) and bracken (Pteridium aquilinum) for the three years beginning 8 
February 1979. Error bars indicate one standard deviation, with n=2 for rain, bracken and 
pine and n=6 for oak and birch.  
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Table 1: Atmospheric Emissions of S and N in the UK, 1979-2003 
 1979 1980 1981 1982  1999 2000 2001 2001 2003 
SO2 5429 4781 4359 4163  1210 1226 1105 978 968 
*NOx-N 1241 1181 1135 1124  875 861 841 795 875 
NH3-N  
†
273    282 271 267 261 253 
1. From NAEI (2011). Units are millions of tonnes. Estimated errors are ±4% for SO2, 
±10% for NOx, and ±20% for NH3 (NAEI, 2011). *Converted to N assuming 5% of the 
primary emission is NO2 and 95% NO.   
†
This figure was obtained from the European 
Centre on Emission Inventories and Projections (CEIP, 2011). Official UK sources regard 
ammonia emission data from this period as too unreliable to report.   
  
 Table 2: Correlation Coefficients between Weekly Concentrations of Ions in Rain and 
Scots Pine Throughfall  
 Period H
+
 - SO4
2-
 H
+
 - NO3
-
 NH4
+
 - NO3
-
 NH4
+
 - SO4
2-
 
Precipitation 1979-1982 0.654*** 0.694*** 0.747*** 0.790*** 
 1999-2003 0.186* 0.481*** 0.724*** 0.685*** 
Throughfall 1979-1982 0.684*** 0.256* 0.337** 0.019 
 1999-2003 0.210* -0.043 0.813*** 0.630*** 
Product-moment correlation coefficients between the pairs of ions indicated. ***, 
significantly different from zero at p<0.001; **, p<0.01; *, p<0.05; unlabelled, not 
significantly different. 
 Table 3: Seasonal Patterns of Gain and Loss in Throughfall 
 Season Oak Birch Pine 
Interception loss Winter 0.55 0.42 0.97 
(mm d
-1
)  Summer 0.72 0.67 1.29 
H
+ 
Winter 3.16 5.12 8.61 
(eq ha
-1
 d
-1
) Summer -0.88 0.66 9.57 
Fulvic Acid Winter 0.24 0.20 0.40 
(kg ha
-1
 d
-1
) Summer 1.06 0.70 0.38 
Sulphate Winter 5.16 5.69 9.58 
(eq ha
-1
 d
-1
) Summer 2.43 2.47 11.04 
Nitrate Winter -0.30 -0.19 -0.03 
(eq ha
-1
 d
-1
) Summer -0.41 -0.34 -0.19 
Ammonium Winter -0.08 0.06 -0.05 
(eq ha
-1
 d
-1
) Summer 0.17 -0.29 -0.17 
For values in bold, the difference between summer and winter is significant (t-test; p<0.05). 
 
 
Table 4: Annual Fluxes in Bulk Precipitation and Scots Pine Throughfall for 1999-2003.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Units: eq ha
-1
 yr
-1
 except DOC (dissolved organic carbon)  kg ha
-1
 yr
-1
.   Equivalents calculated using the ionic charge shown in the Table. *SO4
2-
= non-marine sulphate 
assuming all Cl
-
 is marine-derived. Alk = measured alkalinity. ANC = acid neutralising capacity calculated as (Na
+
 + K
+
 + Ca
2+
 + Mg
2+
 + NH4
+
) – (SO4
2-
 + NO3
-
 + Cl
-
).
 Bulk Precipitation Throughfall Difference (Throughfall – Precipitation) 
 1999-00 2000-1 2001-2 2002-3 Mean 1999-00 2000-1 2001-2 2002-3 Mean 1999-00 2000-1 2001-2 2002-3 Mean 
H
+
 189 239 176 219 206 168 187 166 235 189 -20 -52 -10 15 -17 
Na
+ 531 1040 506 1000 770 1740 2970 1590 2630 2230 1210 1930 1080 1630 1460 
K
+
 27 41 40 46 38 845 1070 655 905 868 817 1029 614 860 830 
Ca
2+
 114 209 130 108 141 549 690 646 594 619 435 480 515 486 479 
Mg
2+
 127 222 134 243 181 560 749 461 672 611 433 527 327 429 429 
Al
3+
 1.0 10.4 3.3 6.0 5.2 12.5 34.3 33.0 30.1 27.5 11.5 23.9 29.7 24.1 22.3 
Fe
2+
 2.4 3.5 1.5 2.5 2.5 6.1 7.4 6.0 5.0 6.1 3.7 3.9 4.4 2.6 3.6 
Mn
2+
 1.0 1.4 3.1 4.5 2.5 75.4 89.0 54.0 66.4 71.2 74.5 87.5 50.9 61.9 68.7 
Sr
2+
 0.4 0.6 0.7 0.4 0.5 0.9 1.4 1.5 0.9 1.2 0.5 0.7 0.8 0.5 0.6 
Ba
2+ 0.3 0.5 0.2 0.2 0.3 0.3 0.5 0.5 2.5 1.0 0.1 0.1 0.4 2.4 0.7 
Cu
2+
 2.8 4.8 3.6 9.3 5.1 2.8 8.4 4.4 3.6 4.8 -0.1 3.6 0.8 -5.7 -0.3 
Zn
2+
 2.8 3.4 1.6 2.4 2.6 4.6 5.6 3.5 6.8 5.1 1.7 2.2 1.9 4.4 2.6 
NH4
+
 266 321 272 242 275 846 1010 539 456 713 580 688 268 214 438 
NO3
- 203 253 258 255 242 709 588 580 646 631 506 335 323 391 389 
Cl
-
 605 1260 637 1170 919 2150 3690 1860 3600 2830 1550 2430 1220 2430 1910 
SO4
2-
 289 494 382 455 405 1020 1460 1140 1340 1240 732 964 761 882 835 
*SO4
2-
 225 361 315 332 308 795 1071 948 959 943 570 709 633 627 635 
Alk -381 -577 -261 -386 -401 -16 -78 173 -141 -16 364 499 435 245 386 
ANC -297 -494 -467 -486 -436 -185 -256 -236 -787 -366 112 238 231 -301 70 
DOC 9 17 27 22 19 176 138 130 181 156 167 121 103 159 138 
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